The aim of this study, based on a prospective analysis, was to evaluate the accuracy of the TEST-yolk buffer enhanced hamster egg penetration test (HEPT) and acrosin activity in discriminating fertile from infertile males as compared with the conventional semen profile. The incidence of spontaneous pregnancies was monitored during a followup period ranging between 18-24 months in 62 couples without untreatable female infertility. The diagnostic accuracy of the HEPT was significantly higher than that of the conventional semen profile, as evaluated with fitted ROC curves. The best discriminatory ability was exhibited by a penetration index (penetrations/oocyte) of 2 as cut-off value. In our series it gave a positive predictive value of 77.8% and a negative predictive value of 92.3%. Acrosin activity did not show a discriminating power significantly higher than the conventional semen profile, but an acrosin activity <20 µIU/10 6 spermatozoa was found only among patients who did not achieve a pregnancy. In conclusion, this prospective analysis indicates that the TEST-yolk buffer enhanced HEPT constitutes a significant improvement over the conventional semen profile in discriminating fertile from infertile males. Acrosin activity could provide a useful adjunctive test because of the high negative predictive value of its poor results.
Introduction
The assessment of the male partner of an infertile couple is based on the conventional semen analysis. However, the standard sperm variables (sperm concentration, motility and morphology) have proven to be of limited value in predicting the achievement of pregnancy, unless one of them is extremely abnormal (Smith et al., 1977; Aitken et al., 1984a Aitken et al., , 1991 Ducot et al., 1988; Bostofte et al., 1990) . This had led to the development of new indicators for the functional integrity of spermatozoa. Their validation depends on the demonstration of an accuracy greater than that of the conventional semen profile in assessing the male fertility potential as judged on the basis of prospective analysis of the incidence of spontaneous pregnancies or the in-vitro fertilization (IVF) rates.
Several reports have discussed the value of new sperm tests in predicting IVF rate (Soffer et al., 1992; Baker, 1992, 1994; Sukcharoen et al., 1996; Menkveld et al., 1996) . However, IVF is rather different from in-vivo fertilization. Therefore, the prognostic information obtained using IVF cannot have the same value in predicting the likelihood of a man achieving spontaneous pregnancy. The validation of sperm tests on the basis of prospective analysis of the incidence of spontaneous pregnancies is still lacking, with rare exceptions (Aitken et al., 1991; O'Shea et al., 1993) .
Since the zona-free hamster egg penetration test (HEPT) was first described by Yanagimachi et al. (1976) , it has aroused great interest as an in-vitro assay to measure the functional capability of human spermatozoa. The HEPT assesses the spermatozoon's ability to initiate fusion with the oocyte. Because the penetration of zona-free hamster eggs requires sperm capacitation and completion of acrosome reaction, it is a useful endpoint for the evaluation of sperm function. The low incidence of acrosome reactions during in-vitro capacitation represents the major biological defect of the assay, accounting for the unacceptably high false negative results. Over the past 10 years several modifications in the HEPT have been proposed as an attempt to improve sperm penetration, by enhancing sperm capacitation and/or acrosome reactions. These include incubation of spermatozoa with calcium ionophores (Aitken et al., 1984b) , preservation of spermatozoa at low temperature in Tes-TRIS (TEST) yolk buffer (Bolanos et al., 1983; Johnson et al., 1984) , and addition of follicular fluid (McClure et al., 1990) . Although the prognostic value of the HEPT enhanced with calcium ionophore A23187 has been proven in a prospective analysis of the incidence of spontaneous pregnancies (Aitken et al., 1991) , the development of a defined diagnostic system including the use of calcium ionophores has been hindered by the difficulty encountered in standardizing experimental conditions of the ionophore challenge, which allow chemical induction of acrosome reactions without unacceptable loss of sperm motility. The use of follicular fluid suffers from poor reliability due to its uncontrolled nature. The incubation of spermatozoa at low temperature in TEST-yolk buffer, which enhances capacitation/acrosome reaction with a good preservation of motility, appears to be the most reliable method for obtaining an enhanced HEPT. In a large series (Soffer et al., 1992) , it predicted the rate of in-vitro fertilization (IVF) with a high negative (74%) and positive (82%) predictive rate and good specificity value (0.96), defining a penetration rate (PR) of 20 as the cut-off line between poor and good HEPT results.
Recent literature has focused on acrosin activity as a diagnostic tool for providing a quantitative measurement of the fertilizing ability of spermatozoa. Acrosin is a unique neutral proteinase found in the acrosome in an inactive zymogen form called proacrosin. During the acrosome reaction, proacrosin is activated to form acrosin, which seems to be involved in the interaction of the spermatozoon with the zona pellucida (Saling, 1982; Liu and Baker, 1993; Francavilla et al., 1994) , and fusion with the oolemma (Van der Ven et al., 1985; Francavilla et al., 1993; Takano et al., 1993) . It has been reported that low acrosin activity is a stable semen parameter (Francavilla et al., 1994) associated with male infertility (Goodpasture et al., 1982; Mohsenian et al., 1982; Koukoulis et al., 1989; Francavilla et al., 1992) , and low IVF rates (Kennedy et al., 1989; Tummon et al., 1991 , De Jonge et al., 1993 . Contradictory data concerning its relationship with conventional semen parameters have been reported (Goodpasture et al., 1982; Koukoulis et al., 1989; Francavilla et al., 1992; De Jonge et al., 1993) .
Since the usefulness of the TEST-yolk buffer enhanced HEPT and acrosin activity in predicting the likelihood of a man achieving spontaneous pregnancy in vivo is not yet established, we undertook a prospective analysis of the diagnostic accuracy of these two tests as compared with the conventional semen profile. The incidence of spontaneous pregnancies was monitored during a follow-up period ranging from 18-24 months in 62 couples who were characterized by the absence of untreatable female infertility.
Materials and methods

Patients
Seventy three couples presenting for infertility investigations at the Andrologic Unit of the University of L'Aquila entered the study. Criteria of exclusion were: motile sperm count Ͻ 2ϫ10 6 /ml, occurrence of antisperm antibodies, assessed by the direct immunobead binding test (Bronson et al., 1981) or previous diagnosed untreatable female infertility. Apart from these criteria, the male partners were unselected. Therefore the study population included couples with a history of infertility and couples attending the Andrologic Unit for a first evaluation of fertility potential. The duration of infertility was 3.4 years, median; 0.3-6 years, range.
Study design
Conventional semen analysis, TEST-yolk buffer enhanced HEPT and acrosin activity were performed for each male partner on the same semen sample. In 12 cases acrosin activity was tested on a semen sample produced some days later. Careful follow-up was assured during a period ranging from 18-24 months. During this time, counselling, diagnostic evaluation and treatment of female abnormalities were undertaken. The normality of the female partner was checked on the basis of menstrual cycle duration and regularity, luteal phase monitoring, and pelvic evaluation by hysterosalpingography and/or coelioscopy. Ovulatory dysfunctions were treated with appropriate therapy. Untreatable fertility-reducing abnormalities in the female were diagnosed in five couples, who were excluded from prognostic evaluations, and six couples were lost. Thirty of the remaining 62 women (47%) conceived. During the follow-up period, seven couples 2116 were included in a programme of homologous intrauterine insemination, and one of them conceived. This couple was considered as lost.
Conventional semen profile
Ejaculates were collected by masturbation after 3 days of abstinence. After liquefaction, each specimen was evaluated for routine analysis, and classified according to the World Health Organization standards with regard to the sperm count, motility and morphology (World Health Organization, 1992) .
Hamster egg penetration test
Semen samples were washed twice (700ϫg for 7 min ) in Biggers, Whitten and Whittingam (BWW) medium containing 0.3% bovine serum albumin (BSA). After the second centrifugation, the supernatants were removed by aspiration, leaving 0.5 ml covering the pellet, and, after an incubation time of 30 min, the supernatants, containing highly concentrated motile spermatozoa, were carefully aspirated, washed again, and resuspended in BWW plus 0.3% BSA. Sperm suspensions were mixed with an equal volume of Tes-TRIS (TEST; Sigma Chemical Co., St Louis, MO, USA) yolk buffer and incubated at 4°C for 20 h. At the end of incubation, the mixtures were washed twice in BWW plus 0.3% BSA, and the pellets were resuspended in BWW containing 3% BSA. Standard procedures were utilized for the recruitment and processing of hamster oocytes (World Health Organization, 1992) . Twenty five zona-free oocytes were added to 500 000 spermatozoa in 100 µl BWW plus 3% BSA under paraffin oil. After 3 h of coincubation at 37°C in an atmosphere of 5% CO 2 / 95% air, the oocytes were fixed in picric acid/formaldehyde overnight and stained with Giemsa. Ova were examined at ϫ400 magnification for evidence of swollen sperm heads. The percentage of ova penetrated by spermatozoa [penetration rate (PR)] and the number of penetrations per oocyte [penetration index (PI)] were recorded.
Acrosin activity
The determination of acrosin activity was carried out as previously described (Francavilla et al., 1992) , according to the method of Koukoulis et al. (1989) . Fresh sperm aliquots were washed twice by centrifugation (600 g for 8 min) in 10 volumes of 0.15 M NaCl, and sperm pellets were stored at -80°C. Sperm acrosin activity was determined with a number of spermatozoa per tube ranging between 1 and 3 ϫ10 6 . Each frozen sperm pellet was incubated with 1 ml of a solution of N-benzoyl-dl-arginine-para-nitroaniline hydrochloride (Sigma) at room temperature for 3 h to activate proacrosin conversion to acrosin and to stimulate hydrolysis of the substrate. The reaction was stopped with benzamidine (Sigma) (100 µl of a 0.5 M solution). The assay solution consisted of 1 mg/ml of N-benzoyl-dl-argininepara-nitroaniline hydrochloride in 0.055 M HEPES buffer, 0.055 M NaCl, 10% (vol/vol) dimethyl sulphoxide, 0.1% (vol/vol) Triton-X, and 0.1% (wt/vol) sodium azide (Sigma), pH 8.0. After incubation, the spermatozoa were centrifuged at 1000 g for 10 min and the supernatant transferred to disposable cuvettes (European Laboratory Plastics Association, LP Italiana SpA, Milan, Italy). The absorbency of the supernatants was immediately measured at 410 nm with an LKB Biochrom Ultrospec II spectrophotometer (Biochrom, Cambridge, UK) adjusted so that the substrate-containing solution had an absorbency of zero at this wavelength. Acrosin activity was expressed as µIU/10 6 spermatozoa; 1 IU is defined as the amount of acrosin that hydrolyses 1 µmol N-benzoyl-dl-arginine-para-nitroaniline hydrochloride.
Statistical analysis
Differences of conventional seminal parameters and other sperm test results between patients who achieved and did not achieve a pregnancy were assessed by the Mann-Whitney U test. Correlations among conventional semen parameters, HEPT results and acrosin activity tested on the same semen samples were evaluated using the Spearman Rank Order Correlation test. Discriminative ability of diagnostic tests was evaluated by receiver operating characteristics (ROC) analysis. ROC curves were fitted using the Labroc/Clabroc software programme (Metz et al., 1984) . This estimates the curve which would be produced if test data could be obtained on a continuous scale on an entire population of cases, rather than on just a sample. This software programme is based on maximum likelihood estimation. The estimated area under the curve (AZ) represents the probability that the diagnostic tool will correctly classify two randomly paired fertile and infertile subjects. It is applicable to correlate continuously distributed test results and to compare statistically the difference between the area of two ROC curves derived from the same cases with a univariate zscore test. This software programme identifies the critical test result value(s), that is, separates positive results from negative results, and the corresponding operating point on the fitted binormal ROC curve, which maximizes diagnostic performance of the test. The results of these analyses were subsequently confirmed using the trapezoidal method of Hanley and McNeill (1983) , a non-parametric test, which tends to underestimate the areas, but does not require that data follow any particular distribution.
Results
The results of the conventional semen analysis, HEPT and acrosin activity exhibited by the 30 patients, whose wife conceived (fertile) and of the 32 patients, whose wife did not conceive (infertile) during the follow-up, are represented in Table I . The results of HEPT evaluated both as PR(%) and PI gave the highest significant difference between the two groups (P ഛ 0.000001). Also acrosin activity was significantly different (P ϭ 0.000055). With regard to conventional semen analysis, no statistically significant differences were found for semen volume, forward motility (%), and normal morphology (%). Sperm count as well as the principal semen parameters combined as motile sperm count, oval sperm count, motile oval sperm count and total motile oval (TMO) spermatozoa were significantly different between the two groups, TMO showing the highest significant difference (P ϭ 0.00045). Correlation coefficients between TMO, acrosin activity and HEPT results evaluated as PI are represented in Table II . Positive correlations were found between all variables with the highly significant correlation between TMO and acrosin activity (r ϭ 0.549; P ϭ 0.000008).
Fitted ROC curves were constructed for the principal semen parameters, HEPT and acrosin activity. Among the conventional semen parameters the best discriminative ability was exhibited by TMO, but it was lower than that shown by the HEPT and acrosin activity (Figure 1) . However, only the HEPT results, evaluated both as PI and PR (%), but not the acrosin activity results, exhibited the area AZ under the ROC curve significantly higher than TMO (P Ͻ 0.02; Table III ). Sensitivity and specificity of cut-off points, selected by means of the ROC analysis as exhibiting the best ability in discriminating fertile from infertile patients, were compared in Table IV . Since fitted instead of empirical curves were analysed, these values represent those which would be produced if test data could be obtained on a continuous scale on an entire population of cases, rather than on just a sample.
The distribution of the PI, acrosin activity and TMO results in fertile and infertile patients in our series is depicted in Figure 2 , where the cut-off values selected by means of the ROC analysis as exhibiting the best discriminatory ability were also indicated. Twenty eight out of 36 subjects with a PI ജ 2 achieved a pregnancy, giving a positive predictive value of 77.8%, whilst 24/26 subjects with a PI Ͻ 2 failed to achieve a pregnancy, giving a negative predictive value of 92.3%. One of the two subjects with a PI Ͻ 2 who achieved a pregnancy exhibited a PI close to the cut-off (1.8), and the other one exhibited no penetration. He was a patient with long standing infertility and a poor conventional semen profile. As far as the acrosin activity is concerned, a cut-off point of 42 µIU/10 6 spermatozoa, selected by means of the ROC analysis as exhibiting the best discriminatory ability, gave a positive predictive value of 71.0% and a negative predictive value of 74.2%. An acrosin activity Ͻ 20 µIU/10 6 spermatozoa was found only among patients who did not achieve a pregnancy, giving a negative predictive value of 100%, but the positive predictive value of this cut-off was low (58.8%). Finally, a cut-off value of 23ϫ10 6 spermatozoa, selected for the TMO, gave a positive predictive value of 68.7% and a negative predictive value of 73.3%.
Discussion
In this study, based on a prospective analysis of the occurrence of spontaneous pregnancies, the diagnostic accuracy of the TEST-yolk buffer enhanced HEPT and acrosin activity as compared with conventional semen profile was determined.
The patients included in this study represent an unselected population, attending an andrology unit for the evaluation of fertility potential, with or without a history of infertility, in whom a well-documented explanation of the couple's infertility (a very poor quality semen profile, the occurrence of antisperm antibodies, or previous diagnosed untreatable female infertility) has been excluded. The inclusion of couples without a history of infertility, as well as those undergoing the appropriate treatment of ovulatory dysfunctions of female partners, explains the high proportion of pregnancies during the follow-up. We believe that a prospective study using a clinically relevant endpoint and including an unselected population (apart from cases with a well-documented explanation of the couple's infertility) is a proper approach for prognostic evaluations and establishment of proper cut-off values. The diagnostic accuracy of the tests examined in this study was evaluated by fitted ROC curves, instead of empirical ROC curves. A form of objective curve fitting and inferential procedure is in fact necessary if a more quantitative description is required, as in formal comparison of two modalities.
The results of this study indicate that the diagnostic accuracy of the TEST-yolk buffer enhanced HEPT was significantly higher than that of the conventional semen profile. The best discriminatory ability was exhibited by a PI of 2 as cut-off value. In our series it gave a positive predictive value of 77.8% and a negative predictive value of 92.3%. The vast majority of published studies have applied the HEPT to groups of patients preselected on the basis of ill-defined seminological criteria or clinical categories such as infertile men and fertile donors (often selected highly fertile individuals used for donor insemination). Very few papers have reported prospective studies using a clinically relevant endpoint (Aitken et al., 1991; O'Shea et al., 1993) . As far as the TEST-yolk buffer enhanced HEPT is concerned, in previous reports the proposed cut-off for fertile males ranged between a PI of 4.8, as judged by the lowest results obtained in donors who provided semen for heterologous inseminations (Johnson et al., 1991) , and as low as a PR of 10% when patients enrolled in a homologous intrauterine insemination (IUI) programme, who achieved pregnancy naturally or through IUI, were evaluated (Falk et al., 1990) . Further, the longer incubation in TEST-yolk buffer (42 h) employed in the former report can also account for the higher penetration rates, making data not comparable. In a recent consensus workshop on advanced diagnostic andrology techniques, the need for standardization of enhanced versions of HEPT as well as the need for prospective studies using a clinically relevant endpoint was recommended to clarify their prognostic value and clinical usefulness (Mortimer, 1996) . This prospective study indicates that the TEST-yolk buffer enhanced HEPT constitutes a significant improvement over the conventional semen profile in discriminating fertile from infertile males, and establishes from its results a cut-off value derived for a proper statistical analysis based on a clinically relevant endpoint. The high negative predictive value of the PI cut-off selected by the ROC analysis as exhibiting the best discriminatory ability between fertile and infertile subjects validates the clinical usefulness of the test. According to Jeyendran and Zaneveld (1993) , an assay should be judged on whether a cut-off in the values can be found, below or above which it is highly unlikely that conception can occur. Thus, as long as the percentage of false-negatives is low, it makes little difference what the percentage of false positives is because some other sperm defects may be present which are not determined by the test in question. However, if such a cut-off is so low/high that only few infertile patients fall into this category, the test is of little clinical usefulness. This optimized version of HEPT avoids the occurrence of the high percentage of false-negative results, which was due to the low incidence of spontaneous acrosome reactions, the major biological defect of the conventional assay. Preincubation in TEST-yolk buffer at 4°C makes spermatozoa highly fusogenic, enhancing sperm penetration (Johnson et al., 1984) . The biological basis for the improvement in sperm penetration capacity after TEST-yolk buffer treatment is not yet completely understood. As hypothesized by Mortimer (1996) , incubation in TEST-yolk buffer at low temperature promotes intracellular accumulation of Ca ϩϩ ions, due to a reduced activity of calcium pump; moreover, the egg yolk phospholipids intercalate into membranes, making the spermatozoa highly labile. However, acrosome reactions are prevented by low temperature. Hence, upon restoring physiological temperature, the elevated Ca ϩϩ 2119 concentrations trigger synchronized acrosome reactions, enhancing sperm penetration.
The prognostic value of sperm tests also depends on the inter-ejaculate reproducibility of their results, especially for biological tests, which are complex and time consuming. The TEST-yolk buffer enhanced HEPT was carried out on 10 sperm samples produced by the same fertile control during a period of 2 years. A PR of 100% was always recorded, and the PI ranged from 11.4 to 16.5 (mean Ϯ SD 14.6 Ϯ 2.0; coefficient of variation 13.7%).
As stated in the introduction, the TEST-yolk buffer enhanced HEPT has been proven to predict with accuracy the IVF outcome, considering a penetration rate of 20 as the cut-off line between poor and good results (Soffer et al., 1992) . That cut-off is much lower than the PI cut-off of 2, which exhibited the best ability to discriminate fertile from infertile subjects in the present study. This discrepancy can be explained by the fact that in-vitro fertilization is a rather different model from in-vivo fertilization, whose success may need a higher proportion of spermatozoa with functional integrity. Therefore this finding supports the opinion that the prognostic information obtained using the IVF model cannot have the same value in predicting the likelihood of a man achieving spontaneous pregnancy.
Although acrosin activity was significantly higher in patients who achieved a pregnancy, its results did not show a discriminating power significantly higher than the conventional semen profile when evaluated with the ROC analysis. The best discriminatory ability was exhibited by a cut-off point of 42 µIU/10 6 , which in our series gave a positive predictive value of 71.0% and a negative predictive value of 74.2%. It is very close to the value of 40 µIU/10 6 proposed by Koukoulis et al. (1989) according to the lowest value found in proven fertile men. In the present study, the lowest value exhibited by patients who achieved a pregnancy during the follow-up was 20 µIU/10 6 spermatozoa, and 26.7% of them exhibited an acrosin activity ranging from ജ20 to Ͻ42 µIU/10 6 spermatozoa. In particular, an acrosin activity Ͻ20 µIU/10 6 spermatozoa gave a negative predictive value of 100%, but it occurred only in 34.4% of the patients who failed to achieve a pregnancy. These results indicate that only a very low acrosin activity (Ͻ20 µIU/10 6 spermatozoa) is incompatible with fertility but this occurs only in a minority of infertile patients. It has been previously reported that this sperm alteration is a stable semen parameter (Francavilla et al., 1994) .
As far as the conventional semen profile is concerned, in the present study the TMO spermatozoa, derivative of all the primary semen analysis parameters, were more accurate in terms of sensibility and specificity in classifying those subjects who achieved a pregnancy than each primary parameter. This is in accord with a recent report by Ayala et al. (1996) , who found that in a large cohort of infertile couples, derivatives of primary semen analysis parameters are more important in quantitative determination of the male fertility potential than each primary parameter. In our series, a TMO of 23ϫ10 6 spermatozoa as cut-off gave a positive predictive value of 68.7% and a negative predictive value of 73.3%.
In conclusion, this prospective analysis indicates that the TEST-yolk buffer enhanced HEPT constitutes a significant improvement over the conventional semen profile in discriminating fertile from infertile males. Although acrosin activity does not show a discriminating power significantly higher than the conventional semen profile, it could constitute a useful adjunctive test because of the high negative predictive value of its poor results.
